[1] Snow entrainment alters the speed and hence the run-out distance of avalanches, yet little is known about this significant process. We studied entrainment in snow avalanches using observations from (1) the Swiss Vallée de la Sionne test site, (2) the Italian Pizzac site, (3) catastrophic avalanches that occurred during the winter 1998-1999 in Switzerland, and (4) a medium-sized spontaneous avalanche that occurred in 2000 in Davos, Switzerland. We determined mass and energy balances for 18 avalanche events. On average, the mass increased by a factor of 4. The primary mode of entrainment appeared to be frontal ploughing, although entrainment behind the avalanche front was also observed.
Introduction
[2] The role of entrainment in snow avalanches, especially in large catastrophic events, is the subject of much speculation and yet has only rarely been experimentally investigated. Sovilla et al. [2001] quantified entrainment and deposition masses of small avalanches (volumes less than 2000 m 3 ) released at the Italian Monte Pizzac test site. Although these results showed that entrainment is a significant process (the avalanches increased their original mass by up to a factor 9), it was difficult to generalize the results and to apply them to large destructive avalanches of the kind assumed in hazard mapping practice. Further, experimental evidence of the importance of snow mass changes due to entrainment in large avalanches has emerged from the initial tests in Vallée de la Sionne, Switzerland [Vallet et al., 2001] and in Ryggfonn, Norway (D. Issler, personal communication, 2003) .
[3] Avalanche dynamics models are used to predict flow velocities, impact pressures, flow depths and run-out distances. Presently, some dense-flow models include entrainment [Eglit and Demidov, 2005; Naaim et al., 2003; Sailer et al., 2002; Hungr, 1995; Grigorian and Ostroumov, 1977] ; however, the lack of experimental data hinders systematic validation. Therefore models for practical application do not include entrainment. We argue that the introduction of entrainment into avalanche dynamics models will have far-reaching consequences for avalanche practice. First, as we will show, snow entrainment can dramatically change the mass and energy balance of an event. Above all, the predicted velocity along the path and the kinetic energy of the avalanche as it enters the run-out zone will change. This affects run-out distances and has direct consequences for avalanche hazard mapping. Second, entrainment increases the predicted flow heights and volumes of avalanches. Accurate prediction of these values is crucial when dimensioning retaining or deflecting dams as well as in engineering problems where the force distribution over the flow height or clearance height is required. If higher dam heights are required, construction costs increase, perhaps excluding dams from hazard mitigation strategies. In other words, introducing entrainment into calculation procedures may have a large impact on formulating protective strategies, especially in the run-out zone.
[4] How entrainment is eventually included in avalanche dynamics models and guidelines strongly depends on the nature of the physical mechanism (frontal ploughing, basal erosion) controlling the mass influx rates [Gauer and Issler, 2004; Sovilla, 2004] . It is essential that these physical mechanisms are parameterized with respect to terrain, snow type and snow cover layering before revised guidelines can be drafted. Presently, these relationships are unknown.
[5] Clearly, an experimental foundation regarding entrainment in snow avalanches is required. However, experimental research has been hampered by the capricious timing and magnitude of natural avalanches. In order to determine the mass balance of a catastrophic event both preevent (snow cover height, layering and density) and postevent (avalanche extent, deposit characteristics) information is required. Research costs are prohibitively large and preevent and postevent analysis are often impossible owing to bad weather and secondary avalanche release.
[6] In the following, we present entrainment data of several large avalanches artificially released at the Swiss Vallée de la Sionne and Italian Pizzac test sites [Issler, 1999] . The volume balance, i.e., the entrainment and deposition amounts, were quantified using photogrammetric [Vallet et al., 2001] and manual [Sovilla et al., 2001; Sovilla, 2004] methods. Combined with prevent and postevent density measurements, this provided the necessary information to estimate the mass balance. In addition, shortly after the catastrophic avalanches of winter 1998 -1999 in the European Alps, clear weather prevailed and aerial photographs of several large avalanches are available [Gruber and Bartelt, 2001] . Estimates of the entrained mass for these avalanches are similarly reported.
[7] The data (18 avalanche events) are used to calculate avalanche growth indices. These indices allow a systematic comparison of the avalanche events and thus help identify important relationships between mass, terrain and energy. At the Vallée de la Sionne test site [Ammann, 1999] , buried FMCW (Frequency Modulated Continuous Wave) radars [Gubler and Hiller, 1984] are used to measure the snow depth and erosion rates as the avalanches passes over the snow cover. This measurement technique has allowed us to identify the primary entrainment mechanisms.
[8] Using the experimental data, we implemented the entrainment model of Grigorian and Ostroumov [1977] into a Saint-Venant type flow model using a Bagnold/ Voellmy type constitutive relationship, the so-called Norem-Irgens-Schieldrop (NIS) model [Norem et al., 1989] , which completely describes the internal stress state and basal layer friction. The Vallée de la Sionne avalanches are subsequently back-calculated and the entire mass and energy balance of the events estimated. In this paper, we focus on the application of the one-dimensional model in two-dimensional terrain [Bartelt et al., 1999] ; that is, the model solves the one-dimensional equations for mass balance and momentum balance along a defined profile; for each point of the profile the flow width is defined from observations.
Field Observations
[9] The results presented in this paper are based on 18 avalanches that occurred between 1997 and 2003 at (1) the Swiss Vallée de la Sionne test site (six avalanches) [Gruber et al., 2002; Sovilla et al., 2004] , (2) at the Italian Pizzac test site (six avalanches) [Sovilla et al., 2001] , (3) extreme avalanches that occurred in Switzerland during the catastrophic winter 1998-1999 (five avalanches) [Eidgenössische Institut für Schnee-und Lawinenforschung, 2000; Sovilla, 2004] and (4) a medium-sized spontaneous avalanche that occurred in 2000 in Davos, Switzerland.
[10] Table 1 summarizes the characteristics of these natural and artificially released avalanches. The data span events of different dimension, type and return period. Avalanches are classified with respect to type (dense or mixed), topography (channeled, open slope or mixed) and dimension: small avalanches having volumes less than 25,000 m 3 , medium avalanches having volumes between 25,000 and 60,000 m 3 and large avalanches having volumes larger than 60,000 m 3 . Extreme avalanches with the largest known run-out distance are indicated in Table 1 by footnote ''a.''
Mass Balance Measurements
[11] Both snow pit and photogrammetric measurements along the avalanche path were employed to measure snow cover variations produced by the avalanche passage. Snow pit measurements [Sovilla et al., 2001 ] provide a detailed picture of the snow cover and avalanche deposits (layering, density and hardness). However, they are time intensive, and field conditions are often hazardous. The avalanche path must be followed from the release zone to the deposition zone (over 1 km in Vallée de la Sionne). Thus this technique is suitable only for small avalanches where the average volume is of the order of few thousand cubic meters. Snow pit measurements were used to determine the mass balance of the Pizzac and Brämabüel events (avalanches 7 -12 and 18, respectively [Sovilla, 2004] ).
[12] For large avalanches with volumes upward of 100,000 m 3 , comprehensive field investigations are imprac- Extreme avalanches with the largest known run-out distance; 4a, 4b: the avalanche of 31 January 2003 followed two distinct channels with full independent dynamics; the two arms are studied independently.
tical. For large avalanches we used photogrammetric techniques [Vallet et al., 2001 ] combined with manual field measurements. Photogrammetry is rapid and noninvasive. Photogrammetric measurements alone were employed to measure the catastrophic avalanches in 1999 (avalanches 13-17); snow volumes (from the difference between the preevent and postevent snow cover surfaces), avalanche contours and release and deposition areas could be determined [Sovilla, 2004] . Both manual and photogrammetric measurements were used to analyze the Vallée de la Sionne avalanches (avalanches 1 -6).
[13] The following parameters were determined for each avalanche.
[14] 1. The ''mean release fracture depth d 0 (m)'' is defined as the depth at the slab crown measured perpendicular to the slope.
[15] 2. The ''release area A r (m 2 )'' is defined as the area delimited by the crown, the stauchwall (i.e., the lower limit of the release zone) and the slab flanks. It is determined using either the geo-referenced aerial pictures or by field measurements. In one case (avalanche 17) the stauchwall was not recognizable, making it impossible to define this area.
[16] 3. The ''avalanche release volume V r (m 3 )'' is defined as the snow volume delimited by the bed surface, the crown, the stauchwall and the flanks.
[17] 4. The ''avalanche release mass'' or ''initial mass M r (kg)'' representing the amount of snow contained in the avalanche release volume. It is calculated from the observed release area A r , slab density r 0 and fracture depth d 0 .
[18] 5. The ''potential entrainment area A e (m 2 )'' is computed as the area affected by the avalanche passage, excluding the release area A r . At the Pizzac site the avalanche width is determined by field measurements. At the Vallée de la Sionne site, it is determined from video analysis and aerial pictures. However, since the avalanches are frequently mixed, it is difficult to define the width of the dense part of the avalanche because it is hidden by the cloud. In this case, the width of the dense part is approximated using a two-dimensional flowing avalanche model [Gruber, 1998 ] based on the Voellmy fluid constitutive model [Salm, 1993] . The model solves the governing mass and momentum equations using a first-order TVD scheme on triangular grids [Sartoris and Bartelt, 2000] . The grid is generated from a digital terrain model.
[19] 6. The ''average entrainment depth d e (m)'' is computed as
where r e is the density of the entrained snow. Calculations are performed assuming that the density of the entrained snow is equal to the density of the released mass. M d is the deposition mass accumulated by the avalanche in the deposition zone. Secondary deposits left by the avalanche along the avalanche path are not taken into account for the definition of M d . As a result, the average entrainment depth d e is not the observed snow cover depth entrained by the avalanche but is a balance between this depth and the deposition depth left by the avalanche along the avalanche path.
Instrumentation
[20] Twelve of the eighteen avalanches occurred at the Vallée de la Sionne and Pizzac test sites, where additional information such as velocities, pressures and flow depths were collected [Sommavilla and Sovilla, 1998; Gruber et al., 2002; Sovilla et al., 2004] .
[21] At the Vallée de la Sionne test site, avalanches have large dimensions and are mostly of the mixed type. Videogrammetric-based front velocities [Vallet et al., 2004] are available only for part of the potential flow area. Thus the average front velocities (Table 2) were determined only between the stauchwall and the beginning of the run-out zone at an altitude of 1640 m a.s.l. The tabulated maximum velocities are based on measurements taken every 5 s.
[22] Flow depths are measured at specific locations along the avalanche path using flow depth sensors and FMCW radars [Gubler and Hiller, 1984] . Six radars are buried in the ground along the avalanche track [Ammann, 1999] . Each radar is pointed upward and covers a vertical cross section of the avalanche during a defined time period. FMCW radars measure the time taken for the emitted signal to return after being reflected from a snow particle or clump. Hence measuring the intensity of the signal and its corresponding height (by conversion of the signal return time) provides information concerning both the avalanche flow depth and the entrainment location and rate. Figure 1 shows a typical FMCW radar measurement where the interaction between the original snow cover and the avalanche can be observed. The horizontal lines on the bottom left represent the snow cover over the radar before the avalanche passage. The horizontal lines are interrupted by the avalanche arrival. Analysis of the different measurements allows for identification of the entrainment mechanisms and the erosion depth and rate. A collection and analysis of these plots for different avalanche events is given by Sovilla [2004] .
[23] At the Pizzac test site, avalanches follow a narrow and channelized path. Mostly dense flow avalanches occur. Average avalanche front velocities are determined by measuring the front time passage at six locations uniformly [Sommavilla and Sovilla, 1998 ].
Run-Up and Run-Out
[24] At the Vallée de la Sionne test site avalanches are stopped or deviated by the opposite slope making difficult a precise definition of the run-out. The large avalanches runup the slope to the bunker (about 40 m above the valley bottom) and partially or totally cover it, while part of the mass is deflected by the slope by nearly 90°and keeps flowing along the valley.
[25] For these avalanches we define as run-out the distance between the point at an altitude of 1640 m a.s.l., where avalanches start to decelerate, and the far end of the deposit. However, to distinguish between avalanches that are deviated and avalanches that are stopped by the opposite slope, run-out in Table 2 refers to the distance between the point where the avalanche is deviated and its endpoint. The run-up is characterized by an approximate deposition snow depth at the bunker.
[26] Run-out distances of the Pizzac avalanches are also shown in Table 2 . These are defined from the lower limit of the stauchwall.
Analysis of Field Observations

Avalanche Mass Balance and Entrainment Indices
[27] Table 3 summarizes the mass balance of the eighteen investigated avalanches. Further details of each avalanche are reported by Sovilla [2004] . Table 3 lists: release area, A r , average fracture depth, d 0 , average release density, r 0 , release mass, M r , average deposit density, r d , deposit mass, M d , and potential entrainment area, A e . These values have been used to calculate entrainment depth, d e , potential entrainment index, I pe , avalanche growth index, I g , and entrainment index, I e .
[28] The following ''entrainment indices'' were calculated.
[29] 1. The ''growth index I g '' defines the avalanche mass increase due to snow entrainment. It is given by the ratio of the deposited mass M d to the released mass M r :
An index I g > 1 implies that snow entrainment along the avalanche path has occurred.
[30] 2. The ''potential entrainment index I pe '' indicates the possible avalanche mass increase
It compares the area of entrainment basin A e to the release area A r .
[31] 3. The ''entrainment index I e '' is defined as
It compares the mean entrainment depth to the mean release fracture depth.
[32] The box-plots of the avalanche indices ( Figure 2 ) and the data (Table 3) 
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[33] 1. The 18 avalanches were characterized by potential entrainment indices I pe varying between 1.5 < I pe < 13 with a mean value of 6.
[34] 2. The growth index I g varies significantly (1 < I g < 12). On average, the avalanches increased their mass by a factor I g = 4.6.
[35] 3. At the Vallée de la Sionne site the growth index varied between 1 < I g < 12; at the Pizzac site between 1.8 < I g < 8.8. Thus, at the same site, entrainment can vary significantly. This suggests that terrain characteristics are not the most important cause for entrainment.
[36] 4. Extreme avalanches gained mass substantially, as in the case of the Vallée de la Sionne event of 25 February 1999 (I g = 6.0), or only slightly, as in the case of the avalanches of the Obergoms Valley (minimum value I g = 2.5). Both large and small avalanches increased their mass. This suggests that entrainment does not depend strongly on avalanche size.
[37] 5. The index I e varied between (À0.04 < I e < 1.25). On average avalanches entrained a snow depth d e = 0.6 d 0 along the avalanche path. Avalanche 1 in Table 3 has a negative entrainment index. A previous event [Gruber et al., 2002] entrained all the snow along the avalanche path; moreover, in spite of the large potential erosion area, avalanche 1 did not have snow to entrain. Rather, it lost mass along the avalanche path. This is a typical situation when multiple events occur. A similar situation was observed for avalanche 6. In this case, however, the avalanche maintained a positive mass balance.
Avalanche Energy Balance
[38] We determined the potential energies of the release and entrainment zones to investigate the role of entrainment in the avalanche energy balance. The photogrammetric measurements made at the Vallée de la Sionne test site (Table 3) were used to approximate the avalanche potential energy, which is given by
where g is the gravitational acceleration and H r is the average height of the release zone measured with respect to Figure 2. Summary of entrainment indices: potential erosion index, I pe , growth index, I g , and entrainment index, I e . The box plots show the mean (square in box), median (line in box), 25/75% quantiles (box), 5/95% quantiles (whiskers), and 0/100% quantiles (cross). On the left of each box plot the measurement distribution is also shown. The negative value I e = À0.04 is not displayed. the altitude of H 0 = 1640 m a.s.l. This value is compared to the potential energy of the entrained snow given by
where H e is the average height of the entrainment zone with respect to H 0 . The values of P r and P e are shown in Figure 3 . There are only two avalanche events (7 February 2003 and 30 January 1999) where P r > P e . For these two events, previous avalanches entrained the snow cover, clearing the track. However, the usual case was that the entrainment potential energy was slightly larger than the release potential energy. For these events, neglecting the entrainment mass results in a factor 2 error in the energy definition of the avalanche.
[39] Although the potential energies of the events vary, the front velocities do not change significantly (Figure 3 ). For example, the massive avalanche of 25 February 1999 has a higher total potential energy than the other events, but nearly the same average front velocity. Evidently, the magnitude of the front velocity is not dependent on where the mass comes from (the release zone or the entrainment zone). However, Figure 3 does not provide information where the avalanche attains its maximum velocity. This point will be examined in the following sections where the kinetic energy of the avalanche is determined using a numerical model.
[40] The Vallée de la Sionne avalanches have similar velocities, yet completely different run-out and run-up distances (Table 2) . Evidently, these avalanches reach similar terminal flow velocities, approximately 45 m/s, although they have different potential energies. The higher the potential energy, the longer the run-out distance. The avalanche of 31 January 2003 is an exception to this trend because it was the first avalanche of the season (rough sliding surface) and it turned before climbing the run-up slope.
[41] Potential energies for the six Pizzac avalanches (Figure 4 ) are calculated with respect to the altitude H 0 = 1900 m a.s.l. Four of the avalanches in Figure 4 are small events that stopped very close to the altitude of 1900 m a.s.l. For these avalanches, P r > P e and the total energy was not large enough to pass over a flat part of track where these avalanches stopped.
[42] Only two of the observed avalanches reached the bottom of the valley, and in these cases the entrainment potential energy was more than 2 times larger than the release potential energy. Neglecting the entrained mass results in a factor of 3 error in the energy balance for these events.
[43] Only two of the Pizzac avalanches reached terminal flow velocities of about 18 m/s. The two avalanches had comparable energy, although the avalanche of 5 March 2003 had a longer run-out because of an icy and therefore smooth sliding surface (Figure 4) . It was the only avalanche to develop a powder flow component that traveled a long distance [Sovilla, 2004] .
Entrainment Mechanisms
[44] The interaction between avalanche and snow cover observed using FMCW radar at the Vallée de la Sionne experimental site allow the definition of three main entrainment mechanisms: frontal entrainment or ploughing, step entrainment and basal erosion [Sovilla, 2004] . Frontal entrainment or ploughing occurs when the snow cover is characterized by dry, low-density and cohesionless snow. Avalanches tend to dive into the snow cover and slide over a more resistant and older layer or even on the ground. In this case, frontal impact between the avalanche front and the snow cover takes place. Figure 1 shows two examples of frontal entrainment. In these cases the resistant layer over which the avalanche slides is an old avalanche deposit. The snow cover is entrained at the avalanche front in a very short time (typical duration 0.1-2 s). Ploughing entrainment rates depend directly on the depth and density of the snow cover and the speed of the avalanche. In Vallée de la Sionne, ploughing entrainment rates up to 350 kg/(m 2 s) were measured.
[45]
Step entrainment occurs when the snow cover is characterized by low-strength snow layers sandwiched between ice/snow crusts. Initially, the avalanche slides over a resistant surface, typically an ice crust. If the crust breaks, the sliding surface of the avalanche changes abruptly and the weaker snow below the crust is immediately entrained. Analogous to the ploughing case, a large amount of snow suddenly enters the avalanche, but the location is no longer directly at the front. At each change of sliding surface a frontal impact between snow cover and avalanche occurs as in the ploughing case. The entrainment rate depends on the snow cover characteristics; as in the case of the frontal ploughing, it can reach very high values, up to 350 kg/(m 2 s) at the Vallée de la Sionne. Figure 5 shows an example of this mechanism. In this case about 1.5 m of snow are entrained almost instantaneously.
[46] Basal erosion occurs when the snow cover contains layers with high shear strength. Typical examples of high strength snow are melt-freeze layers, high-density snow composed of small faceted and rounded crystals, old avalanche deposits and snow with a high water content. In basal erosion, the avalanche scrapes mass from the sliding surface in proportion to the shearing force that the avalanche exerts on the basal surface. In this case, entrainment rates are low, up to 10 kg/(m 2 s). These rates are a factor of 10 smaller than the observed ploughing entrainment rates. The snow is entrained in the avalanche interior, behind the front. The entrainment is not instantaneous, and its duration can strongly vary. Measured time intervals are between 1 and 40 s. While this process can take much more time than the other two mechanisms, the amount of eroded snow can be considered comparable. However, this entrainment process distributes the entrained mass over a large part of the avalanche length. Sometimes, basal erosion will even occur in the tail of the avalanche with smaller effects on the avalanche dynamics. An example of this mechanism is Figure 5 . FMCW radar plot measured on 27 December 1999. The avalanche entrains part of the snow cover immediately at the front (front entrainment). Between sections a and b, there is no evident sliding surface and the avalanche ploughs progressively into the snow cover (basal erosion). At section b, about 1.5 m of snow are instantaneously entrained (step entrainment). Figure 5 where the avalanche entrains about 0.30 m of snow in about 10 s.
[47] Table 4 summarizes the different entrainment processes. Different entrainment mechanisms lead to different entrainment rates: frontal and step entrainment have the highest influx rates. Entrainment rates are limited by mass availability. This fact can be experimentally verified by correlating the measured entrainment depth and avalanche average velocity (Figure 6 ). The entrainment depth increases linearly with the average avalanche front velocity. However, Figure 6 shows that for the Pizzac and Vallée de la Sionne avalanches, which are of completely different size, similar entrainment depths do not correspond to similar velocities. For example, 0.4 m of snow are entrained at the Pizzac test site by avalanches having velocities of about 17 m/s. At the Vallée de la Sionne test site the avalanches entrain 0.5 m but have velocities of about 42 m/s. Thus, although a linear relationship between velocity and entrainment depth exists, it cannot fully explain the absolute entrained mass in real avalanches which is controlled primarily by the availability of snow (snow cover depth and strength) and not by the velocity of the avalanche.
Entrainment Model
[48] The entrainment mechanism discussed in the previous section can be conceptualized in a mathematical model. In this paper we use the model proposed by Grigorian and Ostroumov [1977] .
[49] Consider an avalanche that is moving downslope with a velocity U(x,t) at time t. The x coordinate defines the position of the avalanche along the slope. The mean flowing density of the avalanche is r a ; the height of the avalanche h(x,t) varies with x and t.
[50] The track is covered with an n-layered snowpack (see Figure 7) . The total height and unit mass (per m 2 ) of the snow cover for any time t and position x are given by
where h si (x,t) and r si (x) are the height and density of the ith snow layer. The avalanche is entraining the snow cover, possibly all layers simultaneously but with different rates and positions along the track. The avalanche applies a stress p(x,t) to the layer, and if p(x,t) is greater than the layer strength p* i (x), then part, or perhaps all, of the layer is entrained. The mechanical resistance p i (x) of the ith layer depends on the texture of the layer. Large differences in strength can exist, with new snow having little resistance p* i (x) % 0. Step entrainment and bed erosion occur behind the front. 
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[51] The mass total entrainment rate is given by
where W i (x,t) is the speed the snow enters the avalanche. The direction of the entrainment velocity is not necessarily parallel to the avalanche flow velocity U(x,t); it is perpendicular to the entrainment front defined by the abrasion angle d i (x,t) which may vary from layer to layer (Figure 7 ).
[52] Mass and momentum conservation for each layer requires that [Grigorian and Ostroumov, 1977; Eglit and Demidov, 2005] 
where U ? (x,t) is the avalanche velocity perpendicular to the erosion front. The conservation equations allow us to find the entrainment velocity as a function of the applied pressure and the resistance of the snow cover
This formulation can treat all three observed entrainment mechanisms.
[53] When the snow has no resistance, p* i (x) = 0, the calculated entrainment rates are between 3000 -4000 kg(m 2 s) (assuming a snow cover density of 100 kg/m 3 and an avalanche velocity between 10 and 20 m/s). Thus, in the extreme case of no snow cover resistance, the calculated frontal ploughing entrainment rates are too large. Of course, nonzero values of p* i (x) can be found that provide good agreement to the observations.
[54]
Step entrainment can be modeled by defining a snow cover with a thin ice crust above a larger weak snow layer. The ice crust must have a large resistance. The model can treat step entrainment because of the multilayer formulation. Basal erosion can be modeled by defining intermediate values of p* i (x) between the frontal ploughing and ice-layer cases.
[55] Because the numerical model calculates an avalanche velocity U(x,t) which varies as a function of position x and time t, the entrainment rates are also a function of x and t. This leads to erosion front angles d i (x,t) which can vary between the leading edge and the body of the avalanche (Figure 7 ).
A Cohesionless Dense Snow Avalanche Model with Multilayer Entrainment
[56] Bartelt et al. [1999] developed a quasi one-dimensional, depth-averaged numerical model to predict run-out distances, flow heights and velocities of dense flowing avalanches in general terrain. The differential equations governing mass and momentum conservation are solved using second-order TVD schemes [Sartoris and Bartelt, 2000] . This model has been modified to include (1) mass entrainment and deposition and (2) a fully fluidized, cohesionless constitutive model describing dry snow flows in simple shear. The constitutive model was originally formulated by Norem et al. [1989] .
[57] We begin with the mass balance
where x is the length along the avalanche path; t is the time; A(x,t) is the cross-sectional flow area given by A(x,t) = w(x)h(x,t); w(x) is the known flow width; h(x,t) is the avalanche flow height; and Q(x,t) is the depth-averaged discharge flow corresponding to the average velocity U(x,t) through the cross section area A(x,t), i.e., Q(x,t) = A(x,t) U(x,t). The right-hand side of equation (13) contains the volumetric snow entrainment _ S e and deposition _ S d rates. In the original version of the model these terms were set equal to zero assuming constant avalanche mass [Bartelt et al., 1999] . The mass loss to the powder cloud will be neglected. See Figure 8 for a definition of the coordinate system and the flow variables.
[58] The momentum balance equation is
where g is the acceleration due to gravity; j(x) is the inclination of the track segment; a(x,t) is the velocity profile factor; l is the normal pressure coefficient; and F f is the flow friction slope.
[59] The constitutive model for flowing snow of Norem et al. [1989] is applied. The constitutive equations are are related to square of the shear deformation rate (n = 2). In steady state the shear rate in the avalanche body is given by
where u 0 is the velocity at the base of the avalanche and u h the velocity at the top surface, (see inset Figure 8 ) since there exists only one velocity profile in steady state that satisfies the force equilibrium between the driving and resisting forces. This fact has been used to analyze the results from large-scale chute experiments with snow where shear deformation profiles were measured with optical velocity sensor arrays . The analysis showed that n = 2 acceptably fits the measured velocity distribution in the basal shear layer .
[61] The above listed constitutive relations provide a complete description of avalanching snow on slip running surfaces, u 0 6 ¼ 0. Chute experiments show significant slip velocities. In this model, the basal shear stress, and subsequently the degree of slip, is regulated by a Voellmy-Salm type equation
where s is the coefficient of viscous sliding (kg/m 3 ). Thus resistance at the basal surface is the sum of a Coulomb-like friction and a velocity squared dependent friction. The parameter s is a measure of the surface roughness of the terrain [Salm, 1993] whereas the Coulomb friction parameter is given by snow-on-snow sliding [Dent, 1993] . The friction slope is found by depth integration of the shear stress gradient,
[62] In the following, a fully fluidized, cohesionless (c = 0), dry-snow avalanche flow is assumed. The degree of fluidization is given by the factor R,
defined as the ratio between the velocity at the top flow surface u h and the slip velocity u 0 . A smooth surface implies s = 0; thus the avalanche will remain in a plug-flow regime, i.e., R = 1. Full-fluidization of the avalanche body, R > 1, is based on the observations of Gubler [1987] , who noted that once the fracture mass has passed the stauchwall there is a rapid increase in viscous friction, due to fluidization of the dense core. In the early stages of motion, just after slab release, (e.g., 100 m from the fracture line) the flow contains large fractured snow blocks whose motion is governed by sliding Coulomb-like friction alone. This stage of the avalanche motion can be modeled by setting s = 0.
[63] The effective pressure p e is found assuming that the stress in the z direction is hydrostatic. Hence
from which
assuming the pore pressures are small in comparison to the hydrostatic pressure, a reasonable but as yet unverified assumption. The normal pressure coefficient l governs the amount of longitudinal stress introduced via normal straining of the flow body [Salm, 1993; Bartelt et al., 1999] . It is found by applying the definition of effective 
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pressure p e and then depth-averaging the normal stress gradient,
The model does not distinguish between active and passive flow states [Salm, 1993] .
[64] The fracture slab and the snow cover define the initial mass conditions of the model
where L is the length of the slab, which has initial crosssectional area A 0 and d 0 defines the fracture slab height. The initial snow cover is defined according to
where n is the number of snow layers at track position x in the snowpack and h si is the height of the ith layer. E represents the x coordinate of the end of the avalanche track. The volumetric snow entrainment rate _ S e is computed using equation (9). However, the calculation of _ S e occurs at the layer level. Depending on the snow cover properties, either part of the layer, an entire layer or multiple layers can be entrained.
[65] In the entrainment algorithm the slip velocity u 0 (x,t) of the avalanche is used to define the pressure p(x,t) and therefore the entrainment velocity W(x,t) (equation (12)). The slip velocity u 0 (x,t) is always smaller than the mean velocity of the avalanche. The entrainment conditions of each layer, beginning at layer n, are checked. Should an entire layer be entrained, then the next layer is checked. The numerical procedure continually updates the snow cover height at track position x between time t and t + dt according to Figure 7 shows an example of the numerical entrainment procedure. In this particular case, ploughing entrainment occurs at the avalanche front (the top layer is being entrained) and bed erosion behind the front. Thus the model allows for different entrainment processes to be simultaneously modeled along the length of the avalanche, depending on the properties of the snow cover and avalanche motion. The visualization of the entrainment and deposition processes is useful since the entrainment location can be observed and compared directly to field observations, when available.
[66] We assume that avalanches deposit snow when the mean flow velocity U drops below a critical velocity U c . Thus the volumetric snow deposition rate _ S d is given by
where the deposition coefficient C d varies between 0 and 1 s À1 . Usually C d = 1, implying that the entire mass is deposited immediately once the avalanche falls below the critical velocity U c . This procedure describes a stick/sliplike behavior commonly observed at the avalanche tail. We assume that the velocity distribution is nearly uniform over the flow height so that the entire mass stops suddenly. The critical velocity U c is set to 1 m/s.
[67] We expect the model to function poorly for wet snow avalanche flows as well as shortly after avalanche release, when the flow contains large blocks of the fracture slab. For this latter case, a plug-flow model, in which Coulombfriction controls the sliding-block nature of the flow, is more appropriate [Salm, 1993] . We also expect the model to function poorly when the mass loss to the powder cloud is significant and the essential nature of the flow changes from a dense flowing avalanche to a turbulent powder suspension flow. This procedure can be implemented within the framework of most numerical avalanche dynamics models. It essentially requires modification of the righthand sides of the mass equation of depth-averaged theories.
Model Simulations
[68] In the experimental section we observed that entrainment plays an important role for determining the run-out distances, and in particular we observed that avalanches that have same velocities in some cases reached completely different run-out distances. This effect is practically impossible to obtain with models which do not consider entrainment and whose velocities and run-out distances are practically proportional to the release mass. We want to demonstrate here that the avalanche simulation is more reliable when entrainment is correctly implemented into a numerical model.
[69] For this purpose we back-calculate two events observed at the Vallée de la Sionne experimental site during the winter season 2003 -2004 . These are avalanches 5 and 6, which occurred on 5 and 7 February 2003, respectively . They are interesting for the following reasons.
[70] 1. The avalanches followed similar trajectories. An overview of the avalanches is shown in Figure 9 . The slope profiles of the avalanches are shown in Figure 10 . Avalanche 6 started about 100 m higher (2615 m a.s.l.) than avalanche 5 (2540 m a.s.l.).
[71] 2. They have similar initial conditions. The release of avalanche 6 (about 7300 t) was the natural extension of avalanche 5 (about 11,150 t). On the basis of photogrammetric measurements, we observed that the avalanche slabs had release boundaries in common and both slid over the same surface. No significant precipitation followed avalanche 5. Snow characteristics were similar. Table 3 .
[74] 5. They have different run-outs. Avalanche 5 reached the bottom of the valley and climbed the opposite slope partially covering the bunker. Avalanche 6 reached the valley bottom and stopped against the opposite slope; the slower avalanche had a longer run-out distance.
[75] For the simulation with entrainment, release depth, d 0 , entrainment depth, d e , and densities, r 0 = r e , were defined according to Table 3 ; that is, simulations were performed by defining only one homogeneous erodible snow layer.
[76] We used p*(x) values on the order of 1 kPa. This value provided the correct entrainment rates within the framework of the Grigorian and Ostroumov entrainment model. However, this value has no physical basis. Measured shear and normal stress strength values for snow are smaller, especially for new snow. The parameter p*(x) must account for a complex series of processes, including snow cover fracture, decomposition and compression at high strain rates, that cannot be directly measured with simple mechanical tests. Further investigations should attempt to find a physical basis for this important parameter. In the simulations, all the erodible snow cover was entrained at the avalanche front as observed from the FMCW plots.
[77] Both avalanches were back calculated using the calibration parameters: b = 0.25, s = 0.4, m xy = 0.085, m xx = 5 and m yy = 0.05 which where chosen to match measured velocities between the radar and the pylon and to approximately fit the run-out/run-up distance. The run-out/run-up of these avalanches was influenced by the opposite slope. Uncertainties concerning the energy dissipations produced during the impact of avalanches with obstacles remain: Avalanche models do not account for energy dissipations arising from the formation of shock waves, and calculated run-out/run-up are still imprecise.
[78] The same calibration parameters and initial conditions were used for the simulations without entrainment. The simulation results are shown in Figures 11, 12 and 13.
[79] Figure 11 shows the maximum velocity simulations of the Vallée de la Sionne event of 7 February 2003. Simulations with entrainment are compared to the observed avalanche front velocities.
[80] Figure 12 shows the maximum velocity simulations of the 5 February event. Simulated velocities with entrainment are compared to the average avalanche velocity measured between the FMCW radar and the pylon.
[81] Note that it was possible to back-calculate the velocities using the same set of calibration parameters for both avalanches. In Figure 11 , only the velocities below the release area are higher than the measured.
[82] A comparison between the two simulations ( Figure 13) shows that in spite of its lower speed, the 5 February avalanche reaches a longer run-out as observed in reality. Simulations without entrainment (Figures 11 Figure 11 . Maximum velocity simulations of the Vallée de la Sionne event of 7 February 2003. Simulations with and without entrainment are compared to the observed data. Note that velocities calculated with entrainment are in good agreement with observed data. and 12) demonstrate that this effect cannot be obtained if entrainment is not introduced in the model. Using the same calibration parameters as in the case with entrainment, the 7 February avalanche, for effects of its larger initial mass and consequently higher velocity, reaches a longer run-out in comparison to the 5 February avalanche, in contradiction to what is observed in the field.
Note that the overall quality of the simulations without entrainment could be improved to better fit measured velocities by choosing different calibrations parameters. However, the problem with the run-out would remain.
[83] To understand why the model with entrainment is able to reproduce correct avalanche velocity and run-out, the potential P(t) and kinetic K(t) energies of the avalanche are calculated using the model described in the previous section. For each time step t, P(t) and K(t) are calculated using the relation
where n is the number of calculation cells that, at each instant t, are occupied by the avalanche, g is the gravitational acceleration, m i and H i are, respectively, the cell mass and altitude with respect to the altitude reached by the run-out, and U i is the average velocity.
[84] The results of the calculations are shown in Figure 14 . The vertical line in figure represents when the avalanche reached the beginning of the run-out (1640 m a.s.l.). The lines end when the avalanche reached the valley bottom.
[85] We calculated that, at the beginning of the run-out, in spite of the lower speed, the 5 February avalanche has about 2 times the kinetic energy of the 7 February avalanche. This produced its longer run-out as already seen in the measurements.
[86] The energy analysis shows another interesting trend. The larger the avalanche mass, the more efficient the system is, i.e., the more the potential energy converted into kinetic energy. For the same mass, the more efficient avalanches are the ones that entrain more.
[87] This is shown in Table 5 , which summarizes the results of the Vallée de la Sionne avalanche back-calculations. To calculate the avalanches the models parameters were varied following these rules.
[88] 1. The parameter b was decreased linearly with increasing avalanche mass; that is, to match the correct velocities and approximative run-out distances, the friction has to be diminished with increasing avalanche dimension.
[89] 2. The parameters m xx and m yy have to be increased with increasing avalanche dimension to simulate the high straining process that characterize large avalanches. In other words, the model, especially in the case in which avalanches are entraining at the avalanche front, tend to accumulate the mass at the front reaching unrealistically high flow depth. In reality, avalanches tend to strain, assuming a thin and long shape that can be well reproduced increasing the parameters above.
[90] 3. All others parameters have been assumed constant.Avalanches have been calculated using the parameter combinations shown in Table 5 .
[91] The energy analysis makes evident the huge power of the 25 February 1999 avalanche; the maximum kinetic energy reached 40% of the maximum potential energy. This energy allowed the avalanche to travel for about 1.4 km along the valley bottom. This was the most efficient of the observed avalanches. The efficiency decreases with decreasing avalanche mass; the minimum is reached by the 30 January 1999 event (8.5%). Between avalanches with the same maximum potential energy (10 February 1999 and 31 January 2003, b) the more efficient is the avalanche that entrains more (10 February 1999). In fact, entrainment influences the flow depth distribution, and the avalanche that entrains more reaches higher flow depths.
[92] The model contains a friction slope which is inversely proportional to the flow height of the avalanche. That is, the higher the flow height, the smaller the flow resistance. When mass is entrained at the front of the avalanche, the model predicts that the flow resistance decreases at the front and the avalanche flows longer as observed from the experimental data. For obvious reasons, the same holds true for large avalanches (see Table 5 for an overview of the maximum calculated flow depths).
Conclusion
[93] We conclude by summarizing our primary results.
[94] 1. Observations of experimental and natural avalanches show a large increase in mass due to entrainment. 
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If entrainment is not included in avalanche dynamics calculations, the energy balance is often incorrect. Since most calculation methods rely only on release mass, modifications to calculation guideline procedures are required.
[95] 2. Ploughing and step entrainment were the dominant snow uptake mechanisms in the Vallée de la Sionne avalanches. Entrainment is governed by the availability of mass. The structure of the snow cover (new snow layers, ice crusts) is more important than topographic features (slope angle, surface roughness) and determines how much mass is entrained. Parameterizing mass uptake using topographic features is of secondary importance in comparison to determining the structure of snow cover (new snow, sliding surfaces).
[96] 3. Although the Vallée de la Sionne avalanches reached similar average velocities (between 40 m/s and 50 m/s), they had completely different run-out distances. Run-out distances are determined by the kinetic energy of the avalanche as it enters the run-out zone. Subsequently, the larger the mass of the avalanche, the greater the run-out distance, for equal velocity. Where the avalanche gets its mass is important. Avalanches that entrain more mass along the avalanche track exhibit higher kinetic energies (and therefore larger run-out distances) than avalanches that start with the same mass in the release zone. Thus it is necessary to correctly determine the avalanche mass in order to predict run-out distances, but not necessarily avalanche velocities.
[97] 4. We could not use an empirically based constitutive law, i.e., a Voellmy fluid that neglects internal shear deformations, to simulate avalanches with entrainment. The NIS model which includes internal deformations was more suited to simulate the distribution of mass within the avalanche, and consequently flow heights and velocities. Thus we speculate that entrainment modifies the internal shear rates such that viscous (or dilatant) fluidization effects cannot be neglected. However, the NIS model cannot accurately follow the initial stage of flow. In this case the measured velocities are much higher than the modeled velocities.
[98] These points lead us to believe that entrainment is a fundamental physical process in snow avalanches that can no longer be ignored and speculated upon. If a concept can be devised to define how much mass is available to be entrained, simple entrainment models (frontal ploughing) are adequate to describe the overall mass and energy balance of an event. This is certainly helpful. However, the numerical models are still empirically based and do not describe the complex internal flow mechanics of snow avalanches. In future, advanced models and detailed experiments will be required to understand how entrained mass is accelerated and distributed within the avalanche.
